Abstract. An important current problem in micrometeorology is the characterization of turbulence in the roughness sublayer (RSL), where most of the measurements above tall forests are made. There, scalar turbulent fluctuations display significant departures from the predictions of Monin-Obukhov similarity theory (MOST). In this work, we analyze turbulence data of virtual temperature, carbon dioxide and water vapor in the RSL above an Amazonian Forest (with a canopy height of 40 m), 5 measured at 39.4 and 81.6 m above the ground under unstable conditions. We found that dimensionless statistics related to the rate of dissipation of turbulence kinetic energy (TKE) and the scalar variance display significant departures of MOST as expected, whereas the vertical velocity variance follows MOST much more closely. Much better agreement between the dimensionless statistics with the Obukhov similarity variable, however, was found for the subset of measurements made at low 10 zenith angle Z, in the range 0 < |Z| < 20. We conjecture that this improvement is due to the relationship between sunlight incidence and "activation/deactivation" of scalar sinks and fonts verticaly distributed in the forest. Finally, we evaluated the relaxation coeficient of Relaxed Eddy Accumulation: it is also affected by zenith angle, with considerable improvement in the range 0 < |Z| < 20, and its values fall within the range reported in the literature for the unstable Surface Layer. In gen- Atmos. Chem. Phys. Discuss.,
Introduction
In the Atmospheric Surface Layer above the roughness sublayer (RSL) height z * (approximately three times the height of the roughness obstacles h -Cellier and Brunet 1992), flux estimates based 20 on mean concentration measurements are made with the help of Monin-Obukhov Similarity Theory (MOST) and the corresponding similarity functions. It is now well known, however, that MOSTbased similarity functions often fail, to various degrees, in the roughness sublayer. In this region, beyond the classical governing variables found in MOST, there are several more intervening variables, such as tree spacing and vegetation density, among others (Garratt, 1980; Foken et al., 2012;  25 Arnqvist and Bergström, 2015) . This is the region where most mean concentration measurements above forests are made, and such is the case with the 82-m tower data analyzed in this work.
In principle, the availability of mean concentration data would make flux-gradient methods a natural choice to estimate scalar fluxes above the forest. Unfortunately, the difficulty of applying MOST in the RSL adds considerable uncertainty to this approach.
30
Maybe one of the earliest reports of the failure of flux-gradient methods when measurements are performed too close to the roughness elements was made by Thom et al. (1975) , who compared fluxgradient and energy-budget Bowen ratio methods over a Pine forest, and found that the dimensionless gradients Φ M and Φ H of MOST are underestimated under such conditions. This was generally confirmed by Garratt (1978) , who estimated z * = 4,5h for the momentum flux and z * = 3h for the 35 sensible heat flux.
In the roughness sublayer, scalar and velocity gradients are weaker than above, leading to higher values of the corresponding turbulent diffusivities (Cellier and Brunet, 1992) . Under neutral conditions, the momentum turbulent diffusivity increases by a factor 1.1-1.5, and the sensible heat turbulent diffusivity by 2-3. The turbulent Prandtl number correspondingly decreases from to close 40 to 1 to approximately 0.5 at canopy top (Finnigan, 2000) . Cellier and Brunet (1992) propose a dimensionless factor γ to account for the increase in turbulent diffusivity. Following this suggestion, Schween et al. (1997) , using data measured over a 12-m tall oak and pine tree forest, found γ θ = 2.2. They pointed out that the different behavior in the RSL may be due to flux originating below the zero-plane displacement height, since in-canopy air may have δ, and proposed z * = 3δ. Regarding Garratt's wake production assumption, it has been argued that 55 this effect dies out rapidly above the canopy and that it is not the main cause for the lack of MOSTcompliance in the roughness sublayer (Mölder et al., 1999) .
Other attempts to organize roughness sublayer data include the use of z/z * by Cellier (1986) , and Mölder et al. (1999) 's proposal of a function (z/z * ) n multiplying the dimensionless gradients:
Mölder et al. found n = 1 for scalars and n = 0.6 for momentum; they claim that the use of this factor 60 produces acceptable results. Still, even with this correction, the resulting dimensionless functions in Mölder et al. (1999) display a much larger scatter than what is usually found above the roughness sublayer. Such roughness sublayer "dissimilarity" is not restricted to flux-gradient relationships: the dimensionless standard deviation of a scalar a, σ a /a * , has been found to be equally affected (Padro, 1993; Katul and Hsieh, 1999; von Randow et al., 2006; Williams et al., 2007; Dias et al., 2009 ).
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In this paper, we analyze roughness-sublayer data collected under the scope of the ATTO project (Amazon Tall Tower have been made at an 82-m tall tower built at the site, and some analyses from the measured micrometeorological data are described here.
The main purpose of ATTO is to better understand the role of the Amazonian biome in the context of Global Climatic Changes. Specifically, the project aims at better understanding and modeling of gaseous exchanges between the forest and the atmosphere (Andreae et al., 2015 In the forest, between 200 and 250 tree species per ha can be found, with a mean height of 40 m and with some individuals reaching 50 m. The site itself is located on a plateau (terra firme), with altitude 130 m.
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The micrometeorological data were measured at an 82-m tower with a rectangular cross section of 2.5×1 m 2 at the site (2 • 8 40 S, 59
• 0 10 W). Micrometeorological instrumentation was installed at the 23, 39.4 and 81.6 m levels (above ground).
In this work, we analyze pilot data from the 39.4 m and 81.6 m heights, measured during April, 2012. The data analyzed are the three wind components u, v and w measured by two sonic anemome-110 ters (R3, Gill Instruments Ltd. at 39.4 m; CSAT3, Campbell Scientific Inc., at 81.6 m), the sonic temperature (which we assume to be the same as the virtual temperature θ v ), and the mass concentrations (mass of the species/total mass) of CO 2 , c, and H 2 O, q, calculated from the corresponding mass densities (mass of the species/volume) measured by two IRGA's (LI-7500A, LI-COR Inc.).
Quality control
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The 10 Hz data were analyzed in 30-min. data blocks ("runs"). Incomplete runs were excluded, and spikes were removed following Vickers and Mahrt (1997 
Theoretical background
In this section, we briefly review some results, which are used in the next section to analyze the data.
Dissipation rate
135
The dimensionless dissipation rate of turbulence kinetic energy (TKE) is given by (Kaimal and Finnigan, 1994) 
where u * is the friction velocity, κ is the Von Karman constant and is the rate of dissipation of TKE. In MOST, a function still widely used to predict φ is (Kaimal et al., 1972) 
where ζ is the Monin-Obukhov stability parameter. As we shall see, in the roughness sublayer the dissipation rate deviates from the prediction by Eq. (2). In this work, we assess this depart from MOST by extending an index proposed by Mammarella et al. (2008) :
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In Eq. (3), L is the length scale calculated from the friction velocity and the rate of dissipation of TKE, and adjusted to the effect of buoyancy: it can be regarded as an integral scale of the flow.
It can readily be verified that L /(κ(z − d)) = 1 ⇒ χ = 0 indicates that the dissipation data follow MOST perfectly. Originally, Mammarella et al. (2008) proposed χ to be used only under near-neutral conditions. As our data comprise too few near-neutral runs, it was necessary to take into account 150 stability by including φ in the denominator of Eq. (3).
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Vertical Velocity Skewness
One caracteristic property of canopy turbulence, its intermittency, emerges when we consider higherorder velocity moments. In the surface layer, the skewnesses of u and w are
155
In convective or near-neutral conditions, Sk w is typically observed to be negative in the roughness sublayer and positive in the inertial sublayer (Raupach and Thom, 1981; Fitzjarrald et al., 1990; Kaimal and Finnigan, 1994; von Randow et al., 2006) , whereas Sk u tends to be positive in all situations. At some level above the canopy Sk w changes sign, and it seems reasonable to regard this 160 level to be a measure of the roughness sublayer height. According to Fitzjarrald et al. (1990) , the negative Sk w values above canopies are largely due to the fact that there is something below the "surface" [sic] in canopy layers, and there can be downward turbulent transport of vertical velocity variance associated with the drop in the Turbulence Kinetic Energy (TKE) as one goes into the canopy. Kaimal and Finnigan (1994) attribute the considerable scatter in published results primarily 165 to morphological differences between canopies, but at any rate this combination of strongly positive u-skewness and strongly negative w-skewness indicates that the turbulence is dominated by intermittent downward moving gusts in the roughness sublayer.
Spectral analysis
Consider the temperature spectrum in the inertial subrange, in the form
where α θθ = 0.8, and N is the rate of dissipation of semi-temperature variance (Kaimal and Finnigan, 1994, p. 37 ).
On dimensional grounds, under the validity of MOST, a similarity function exists that describes the temperature spectrum in the inertial subrange, viz.
Again, we seek to determine to what degree g θ calculated with roughness sublayer data obeys MOST scaling. The usefulness of this indicator lies in its limited frequency-range: both and N are inertial-subrange variables in the sense that they are obtained from a straightforward analysis of the inertial subrange of the velocity and temperature spectra. Therefore, g θ is sensitive only to the highest 180 range of frequencies (roughly > 0.02 Hz). If the dissimilarity displayed by "bulk" dimensionless statistics such as σ θ /θ * is due to the larger scales only, then g θ and similar variables should obey 6 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 Discuss., doi:10.5194/acp- -1043 Discuss., doi:10.5194/acp- , 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 18 January 2016 c Author(s) 2016. CC-BY 3.0 License.
MOST much more closely than the former. If on the other hand the dissimilarity is spread out through all frequency ranges, then g θ should display the same sort of non-conformance to MOST as the other "bulk" statistics. 
The Relaxed Eddy Accumulation method and related analyses
The original Eddy Acumulation method was proposed by Desjardins (1972) with the objective of estimating the turbulent flux of chemicals not easily measured at high frequency (see Ren et al., 2011) . In the method, conditional sampling is performed on the gas, which is directed to either of two reservoirs according to the sign of the vertical wind velocity, w, by means of fast opening/closing 190 valves. Evident advantages are the fact that the method dispenses with high-frequency concentration measurements, and that only one-level measurements are needed (Tsai et al., 2012) . Following this method, the flux is calculated by (Businger and Oncley, 1990) :
Businger and Oncley (1990) proposed the Relaxed Eddy Accumulation (REA) method, which uses the mean concentrations in each of the two conditionally sampled reservoirs, c + and c − , to calculate the flux as
200 where σ w is the standard deviation of the vertical velocity and b is the relaxation coefficient, that is empirically verified to be a dimensionless constant (it could be a MOST similarity function) of the order of 0.6 (Businger and Oncley, 1990; Katul et al., 1996) .
Although initially developed and tested for the measurement of CO 2 , water vapor and sensible heat fluxes (Pattey et al., 1993; Bash and Miller, 2007) , the REA method is often extended for the In the ATTO project, we will be interested in the fluxes of several chemicals whose high-frequency measurement is still too laborious, too expensive, or downright impossible. Among these compounds are the VOCs released by the forests, the monoterpenes and isoprene being the most abundant followed by alcohols, carbonyls, acids, aldehydes, ketones and esters. If applicable, then, the REA Table 2 . REA coefficients measured within the roughness sublayer (Gao, 1995) . However, strictly speaking, to be valid the method requires that the same value of b apply to all scalars. This is of course the same as the well-known hypothesis of perfect similarity between scalars (Hill, 1989; Dias and Brutsaert, 1996) , which often fails under unstable conditions due to phenomena originating above the surface layer and to the transport of scalar variance from above (Cancelli et al., 220 2012 (Cancelli et al., 220 , 2014 . Furthermore, the physics of the roughness sublayer proper may complicate this picture even more.
Therefore, before applying the REA method to measurements made close to the canopy over a forest, it is important to assess the validity of scalar similarity and the equality of the b's for all scalars. A review of several REA studies by Tsai et al. (2012) showed that b can vary as much as 225 between 0.2 and 0.9, revealing the importance of its correct estimation. In Table 1 we give some values found in the literature outside of the roughness sublayer, and in Table 2 values found by Gao (1995) for the roughness sublayer for different values of the leaf-area index.
Results
Dissipation rates
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The rates of dissipation of TKE for each run were calculated from the longitudinal spectra on the basis of Kolmogorov's local isotropy theory (Kolmogorov, 1941) . For each run, the inertial subrange 8 Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 Discuss., doi:10.5194/acp- -1043 Discuss., doi:10.5194/acp- , 2016 Manuscript was identified and a linear regression with an imposed −5/3 slope was calculated to determine .
With , we calculated φ in Eq.
(1) and the index χ in Eq. (3).
The results can be seen in Fig. 1 . As mentioned before, in the region of validity of MOST, we 235 would expect the χ's to cluster around 0.
We find that, close to the canopy top, the integral scale L far exceeds κ(z − d): this means that the latter is not a good estimate of the integral scale, as often found in the roughness sublayer.
These results are in agreement with the findings by Rao et al. (1973 ) e Mammarella et al. (2008 .
At z/h c = 2.04 (h c is the canopy height) the spread of χ around zero is much smaller, suggesting 240 that, as expected, we are reaching the upper limit of the roughness sublayer at these heights, again
in agreement with what is usually found in the literature.
Vertical Velocity Skewness
In Fig. 2 , we show the vertical velocity skewness for the levels 39.4 m and 81.6 m, as a function of the stability parameter ζ. The results confirm those found above with the dissipation rate in Sect. varying from run to run, or that the physical picture is more complicated, with the possibility of 250 positive skewnesses inside the roughness layer. Clearly, the subject needs further research.
Inertial subrange similarity
Similarly to the analysis of the longitudinal velocity spectra, we identified for each run the inertial subrange of the temperature spectrum and fitted a linear regression with a −5/3 slope, in order to extract the rate of dissipation of semi-variance of temperature, N . From the latter, and , the value 255 of g θ in Eq. (7) was calculated. It is plotted against ζ for the two levels, in Fig. 3-a 
General behavior in the roughness sublayer
The "variance method", pioneered by Tillman (1972) , is widely used in micrometeorology for sev-265 eral purposes, including quality control procedures (Foken and Wichura, 1996; Thomas and Foken, 2002; Lee et al., 2004 ) and flux estimation (Hong et al., 2008) . Here, we consider similarity functions of the type φ a = σ a /a * , where σ a is the scalar standard deviation, and a * the scalar's turbulent scale.
Figures 4 and 5 show φ w , φ c , φ q and φ θ for both measurement levels. Only negative CO 2 fluxes 270 (c * < 0) and positive latent and sensible heat fluxes (q * > 0, θ * > 0) were considered, for unstable conditions ζ < 0. In the figures, we plot empirical φ a (ζ) functions from experimental data for which good MOST agreement was observed (Katul et al., 1995) .
Once more, the large scatter typical of roughness sublayer data is found: notice that the scatter is much larger in φ θ , φ c and φ q than in φ w . Williams et al. (2007) suggest that this lack of
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MOST-compliance may be associated with heterogeneity of sources and sinks inside the canopy, contributing to the larger standard deviation (relative to the scalar turbulent scale).
This tendency of φ a data in the roughness sublayer to lie above the corresponding MOST functions is generally observed in field experiments (Cava et al., 2008; Dias et al., 2009 ), but a definitive explanation for it is still lacking.
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The φ w data, on the other hand, show the oppostive trend (they fall below the corresponding MOST function for the surface sublayer), with much less scatter than in the scalar case.
Zenith angle influence
It is known that the zenith angle (Z) can influence transfer characteristics between a vegetated surface and the atmosphere, e.g. the scalar roughness length (Sugita and Brutsaert, 1996) . Iwata et al.
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(2010) note that, above tall vegetation, the vertical distribution of sources and sinks of scalars can vary both seasonally and during the day, depending on how deep light penetrates into the canopy.
Therefore, the zenith angle is an obvious candidate as a possible effect on scalar transfer between the canopy and the atmosphere. In the following, we re-do the φ a analysis for three different classes of zenith angle (which were found by trial-and-error to produce best results for the central class): Figure 7 . Scalar flux similarity indices rte (above) and ste (below) for 0
(e); and q-c (c), (f). For rte, some data points were off the scale.
6 Scalar similarity indices and implications for flux estimation 310
Transport efficiencies
Not surprisingly, it turns out that sucess or failure of MOST-predictions in the roughness sublayer is also related to the degree of scalar similarity, although it seems that this aspect of RSL turbulence
has not yet been fully explored. Two simple indices that are able to describe similarity between the fluxes of two scalars a and b are:
where r wa is the correlation coefficient between the vertical velocity fluctuation w and the scalar fluctuation a . Different from the correlation coefficient between the two scalars, r ab , rte ab is a better descriptor of scalar flux similarity (Cancelli et al., 2012) . ste ab , proposed by Cancelli et al. (2012) , 320 has a similar interpretation, but is explicitly designed so that, unlike rte ab , it is always bounded from above by 1.
Both rte ab and ste ab were calculated for all pairs of scalars. Next, we discuss the results for 39.4 m, shown in Fig. 7, 8 and 9 (the 81.6-m results are similar). Again, we find best scalar similarity for the 0 < |Z| ≤ 20 range of zenith angles.
325
For most of the runs in the range 0 < |Z| ≤ 20, ste is between 0.8 and 1.0. The most similar pair of scalar fluxes was CO 2 -temperature (c.f. Fig. 7 -a and 7-d). We conjecture that this is related to the fact that the signs of the entrainment fluxes for these two scalars at the top of the atmospheric boundary layer are usually the same (negative), whereas the opposite is true for water vapor flux Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2015 Discuss., doi:10.5194/acp- -1043 Discuss., doi:10.5194/acp- , 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 18 January 2016 c Author(s) 2016. CC-BY 3.0 License. Figure 9 . Scalar flux similarity indices rte (above) and ste (below) for 60
; and q-c (c), (f). For rte, some data points were off the scale.
flux and similarity indices was observed, for example, in the LES simulations of Cancelli et al. (2014) .
The similarity indices for the other zenith angle intervals are shown in Fig. 8 and 9 . In the interval 20 < |Z| ≤ 60, the scalar fluxes still display a certain degree of similarity. In the interval 60 < |Z| ≤ 90, however, little similarity is observed. We note that these data often correspond to early morning 335 and late afternoon periods, when scalar sources are usually "deactivated". These results reinforce the picture of scalar fluxes emanating/being absorbed from different sources/sinks within the canopy and in the soil (c.f. Scanlon and Kustas (2010) ).
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Relaxed Eddy Accumulation
As reviewed in Sect. 3, the relaxed eddy accumulation is a valuable alternative for the measurement 340 of scalars for which fast-response sensors are not available. This comes at the cost of the extra hypothesis of perfect scalar similarity.
Since there was no REA system installed at the tower, we have simulated the method using the eddy-covariance data. The fast scalar data were used to obtain updraft and downdraft REA samples by conditional sampling of θ, c and q values for w > 0 and w < 0, respectively. These simulated 345 samples were then averaged to obtain θ + , θ − , c + , c − , q + and q − .
Given the results found in the previous subsection for rte and ste, it is natural to expect the REA method to perform better, again, in the range 0 < |Z| ≤ 20. In the following we analyze the relaxation coefficients b defined in Eq. (9), according to scalar and zenith angle.
The overall results, not classified according to zenith angle, are shown in Fig. 10 , again for un- 2) than for the other two classes, as well as for all data considered together. We note that in general the standard deviations for 60 < |Z| ≤ 90 are smaller than those for 20 < |Z| ≤ 60, but they are also more uncertain, due to the small number of points falling into that class. Overall, the better results for small zenith angles are confirmed for the REA method. and (e) are CO2 and (c) and (f) are water vapor. Some data points were off the scale
Conclusions
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An experimental study of the behavior of scalars in the roughness sublayer has been made, with the objective of assessing their departure from the predictions of MOST.
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The TKE dissipation rate departures are larger at the 39.4-m level and smaller at the 81.6-m level, suggesting a gradual transition out of the roughness sublayer. This is not confirmed, however, by all turbulence statistics that we analyzed. For example, the dimensionless scalar standard deviations
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(φ θ,q,c ) at 39.4 and 81.6 do not show significant differences. φ w , on the other hand, remains much closer to the predictions of MOST at the two levels.
Moreover, an analysis of the scalar dissipation rates did not reveal any improvement in scalar behavior at smaller (ı.e. inertial-subrange) scales, indicating that the observed departures from MOST are occurring at all scales.
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A significant finding in this work is that the degree of departure from MOST predictions is related to the zenith angle. Fairly good adherence of φ θ,q,c to MOST (comparable to what is found in measurements above the RSL) was found for 0 < |Z| ≤ 20, with increasingly larger scatter as |Z| increases. It is possible that this is related to strongly dissimilar scalar sources and sinks in the vertical when the sun is low, when different physical (i.e. heating) and biophysical (i.e. transpiration
